Arc basalts have a higher proportion of Fe in an oxidized state (Fe
INTRODUCTION
Oxygen fugacity (f O 2 ) is an intrinsic thermodynamic property that records the chemical activity of oxygen and controls the speciation of multivalent elements in the solid Earth (e.g., Canil, 1997; Christie et al., 1986; Jugo et al., 2010; Kress and Carmichael, 1991; Wood et al., 1990 /SFe] in arc basalts are elevated relative to those in midoceanic ridge basalts (MORBs); this could arise due to shallow-level differentiation processes in the arc crust or to a difference in the f O 2 of the mantle source (e.g., Lee et al., 2005 Lee et al., , 2010 Lee et al., , 2012 Kelley and Cottrell, 2009) . Recent measurements of elevated Fe 3+ /SFe ratios in unaltered basaltic samples from the modern Mariana arc suggest that oxidation during differentiation is negligible and that oxidized basalts reflect a mantle wedge f O 2 that is elevated by up to 1.8 orders of magnitude relative to MORBs (Brounce et al., 2014; Cottrell and Kelley, 2011; Kelley and Cottrell, 2012) , which is linked to the influence of aqueous fluids released from the oxidized subducting oceanic lithosphere on the mantle beneath arc volcanoes (Brounce et al., 2014; Cottrell, 2009, 2012; Mungall, 2002; Parkinson and Arculus, 1999; Wood et al., 1990; Ballhaus, 1993; Frost and Ballhaus, 1998) . The time scales and material flux required to oxidize the wedge have been modeled (Evans, 2012; Evans and Tomkins, 2011) but lack observational constraints, and thus the results of these models have large uncertainties. Here, we present the Fe 3+ /SFe ratios of fresh submarine glasses that record the earliest stages of subduction along the Izu-BoninMariana convergent margin. We compare these data to published Fe 3+ /SFe ratios of submarine glasses and olivine-hosted melt inclusions from the modern Mariana arc and back-arc (Brounce et al., 2014 ) to determine time scales over which the Mariana mantle wedge became more oxidized than the MORB source. We also report Fe 
GEOLOGIC BACKGROUND AND METHODS
Mafic pillow lavas from the Izu-BoninMariana forearc south of Guam, from Deep Sea Drilling Project (DSDP) Site 458 (central Mariana forearc), and from along the Bonin Ridge (Fig. 1A) record the initiation of subduction of the Pacific plate at 52-51 Ma and the subsequent temporal evolution of Izu-Bonin-Mariana arc volcanism (Ishizuka et al., 2011; Reagan et al., 2010 Reagan et al., , 2013 . The volcanic section, from oldest to youngest, comprises forearc basalt pillow lavas (FABs; 49-52 Ma), early transitional boninite pillow lavas (49 Ma; Cosca et al., 1998) , late transitional boninite pillow lavas (44 Ma), and "normal" arc lavas that overlap in age with boninites and extend to the present day (younger than 45 Ma; Fig. 1B ). The FABs reflect decompression melting that occurred as mantle rose to accommodate the sinking of the Pacific plate at the immediate onset of subduction (Reagan et al., 2010) . The lavas recovered from DSDP Site 458 have compositions from weakly subduction influenced and FAB-like at depth to strongly influenced by subduction further upsection (Reagan et al., 2010) . The transitional boninites from the upper cores have compositions approaching those of the boninites from the Bonin Islands (48-46 Ma; Ishizuka et al., 2006) . Younger boninitic lavas, such as the ca. 44 Ma late transitional boninites from Guam, record the transition to normal arc lavas. Lavas with trace element compositions typical of the modern arc first erupted at ca. 45 Ma (Reagan et al., 2010) . All samples included in this study were erupted in the submarine environment and have fresh glass along quench margins (Fig. 1B) . We measured Fe 3+ /SFe ratios (1s of ±0.005) of five FAB, three boninite, and two ODP Site 801 MORB pillow glasses by micro-X-ray absorption near-edge structure (µ-XANES) spectroscopy (see the GSA Data Repository 1 ; Cottrell et al., 2009) . Four early transitional boninite pillow glasses from DSDP Site 458 were too microcrystalline to obtain µ-XANES spectra free from crystal interference. For these samples, Fe 2+ O determinations were done using micro-colorimetric procedures and combined with bulk glass FeO* concentrations to calculate Fe 3+ /SFe ratios (1s of ±0.02; see the Data Repository; Carmichael, 2014; Wilson, 1960) .
Fe REDOX IN SAMPLES
MORB glasses from ODP Site 801 (ca. 170 Ma) have Fe 3+ /SFe ratios of 0.167-0.168 and fall within the modern MORB field in major element composition (Fisk and Kelley, 2002) and Fe redox ( / SFe ratios by a few percent (absolute) at most (Brounce et al., 2014; Cottrell and Kelley, 2011) . The elevated Fe 3+ /SFe ratios of early and late transitional boninite glasses relative to FAB with similar MgO contents indicate that the Fe 3+ / SFe ratios of the former cannot be generated by fractionation from the latter. We conclude that there were fundamental differences in the f O 2 of the mantle sources that produced FAB and early and late transitional boninite magmas.
DISCUSSION AND CONCLUSIONS
For all samples in this study, correcting for changes in magmatic f O 2 due to crystal fractionation comes with large uncertainty because there are few glasses that remain pristine >40 m.y. after the time of eruption to define coherent liquid lines of descent. Magmatic differentiation may either reduce or oxidize magmas (Brounce et al., 2014; Cottrell and Kelley, 2011; Kelley and Cottrell, 2012) although comparisons between magmatic and primary magma f O 2 for modern Mariana back-arc and arc samples differ by less than half of one order of magnitude (Brounce et al., 2014) . We do not correct magmatic f O 2 for differentiation, but provide an example correction in the Data Repository that demonstrates that this correction does not change our main conclusions. We use measured Fe 3+ /SFe ratios and major element compositions to calculate magmatic f O 2 relative to the quartzfayalite-magnetite (QFM) buffer at pressures and temperatures used by Frost (1991) , using the algorithm of Kress and Carmichael (1991;  1s of ±0.5 log units), for all samples with MgO >4.5 wt% (see Table DR1 in the Data Repository). We pair magmatic f O 2 (at 1200 °C, 1 atm) with measured Ba/La ratio in each sample to assess the influence that aqueous, slab-derived fluids have on wedge f O 2 through time. Barium is mobilized in aqueous fluids preferentially over melt-mobile La, such that the ratio of Ba to La in erupted subduction-related lavas reflects the influence of slab-derived fluids in the mantle wedge in the Marianas (Brounce et al., 2014) . During subduction initiation, the increasingly important role of slab-derived fluids in melt generation processes is recorded by an increase in Ba/La ratios from FAB to early and late transitional boninite lavas from the Mariana forearc.
MORBs from ODP Site 801 (ca. 170 Ma) have Ba/La ratios that range from 3.8 to 4.5 and f O 2 of ~QFM + 0.3, similar to modern MORB. This indicates that there has been no change in the f O 2 of MORB source from the Jurassic to the present day (Fig. 3A) . FAB glasses have Ba/La ratios that range from 4.3 to 10.3 and f O 2 from QFM + 0.3 to QFM + 0.6, values that overlap MORB at the low end but extend to slightly higher Ba/La ratios and f O 2 . This suggests that FAB melts are generated mainly by decompression melting, but that there are also small additions from the subducted slab at the immediate onset of subduction in the Marianas (Figs.  3A and 3B ). Early transitional boninites have high Ba/La ratios (24-39) and f O 2 (QFM + 1.0 to QFM + 1.5) that demonstrate that within 1-4 m.y. of FAB eruption, slab fluids play a significant role in melt generation processes and are capable of producing melts with f O 2 of QFM + ~1.3, which are as oxidized as lavas erupted at the modern Mariana arc. Late transitional boninites have Ba/La ratios and f O 2 (19-26, ~QFM + 1.0) that are consistent with those of early transitional boninite melts. The same relationship that exists in the modern Mariana system between slab fluids and oxidation is observed within 2-3 m.y. of subduction initiation, specifically that melts reflecting greater additions of slab fluids to the region of melt generation are more oxidized than those with small, or no, evidence for slab fluids (Fig. 3A) .
A positive correlation between Ba/La ratio and magmatic f O 2 from the modern Mariana back-arc to the arc (dark and light gray fields in Fig. 3A ) links oxidation of back-arc and arc basalts to slab-fluid influence (Brounce et al., 2014; Kelley and Cottrell, 2009 ). The new observations presented here suggest that the oxidized nature of subduction zone magmas is linked intimately with subduction itself, requiring that slab fluids play an important role in oxidizing the portion of the mantle wedge that produces arc magmas from the very onset of subduction. We speculate that slab fluids have some oxidizing capacity and that the relationship between melt oxidation and slab-fluid proxies reflects the mass of fluid implicated in generating melts from mantle that, prior to infiltration by slab fluids, has f O 2 similar to ambient upper mantle (~QFM). Late transitional boninites have lower magmatic f O 2 than early transitional boninites and also have lower Ba/La ratios. This suggests that, in between the time of eruption of the early and the late transitional boninites, there was a change in (1) the composition of the slab fluid, (2) the ratio of fluid to mantle involved in melt generation, or (3) both, leading to variably enriched Ba/La ratios in magmas. Therefore, Ba/ La ratios need not necessarily increase through time, beyond the first-order transition from decompression-dominated melt generation (FAB) and fluid-induced melt generation (early and late transitional boninites, modern arc). Oxidation also need not increase through time (i.e., f O 2 of FAB < early boninites < late boninites < modern arc), because mantle with f O 2 ~QFM is continually flowing into the mantle wedge in response to subducting plate motions, and this replenishment may eventually balance oxidation from fluid addition as the system reaches a steady state between wedge and fluid flow.
Recent studies have calculated "redox budgets", or fluxes for multivalent elements in subduction systems, by comparing the average oxidation state and rate of input of downgoing materials (altered oceanic lithosphere + sediments) to the bulk oxidation state and rate of output of erupted arc lavas (Evans, 2012; Evans and Tomkins, 2011) . For example, in Phanerozoic mantle, these models predict a range of outcomes, from a mantle wedge that does not oxidize on 10 m.y. time scales, to a three-ordersof -magnitude increase in f O 2 over QFM (the f O 2 of MORB source mantle; Cottrell and Kelley, 2011) on 10,000 yr time scales (Evans, 2012; Evans and Tomkins, 2011) . A key variable that controls the rate of mantle wedge oxidation in these models is the sulfide content of the wedge, with the assumption that sulfide must be oxidized to sulfate before the wedge can produce magmas with f O 2 greater than sulfide stability (~QFM, in Evans and Tomkins, 2011) . Our study demonstrates that oxidation of the mantle wedge occurs early in the lifetime of a subduction system and that either the volume of the wedge that produces slab-influenced magmas does not have enough sulfide to delay the production of oxidized magmas, or model assumptions are incorrect.
The short time scales of slab material transfer and subsequent oxidation of the zone of melt generation in the mantle wedge that we have constrained here (14× increase in f O 2 in 2-4 m.y.) have implications for the lifetime of redox-sensitive volcanic processes during subduction. The 238 U-
230
Th systematics (Elliott et al., 1997) and 226 -230 Th disequilibrium (Turner et al., 2001) in Mariana arc lavas show that fluids move rapidly from the slab surface, with <8,000-30,000 yr between the eruption of an arc magma and the slab dehydration that fueled its formation in the wedge. We further show that the arrival of slab-derived fluids in the wedge, and the melting that accompanies it, coincide with the production of oxidized magmas. Using estimated convergence rates just after subduction initiation of 2-3 cm yr -1 (Hall et al., 2003) , in the 1-4 m.y. between the eruption of FAB and early transitional boninites, the slab subducted an additional 12-70 km depth in the mantle, assuming a slab dip of 30°. The deep end of this range approaches pressure-temperature conditions that are analogous to those of the slab in the modern Mariana subduction system (even without considering that the slab surface must have already submerged to some depth in the mantle during the eruption of FAB), enabling the transfer of slab fluids broadly similar in composition into the mantle wedge. This may signal the start of true down-dip subduction, such that the next magmas to erupt, the late transitional boninites, show a similar relationship between slab-fluid influence (e.g., Ba/La) and oxidation as the modern subduction system. The very rapid evolution to oxidized conditions in the Mariana subduction system suggests that subduction zone processes that depend upon oxidized mantle and magmas are likely to be active for the entire lifetime of a subduction zone. If f O 2 plays a role in producing calc-alkaline differentiation trends (Osborn, 1959; Brounce et al., 2014) , then these results suggest that the production of Fe-depleted continental crust is possible soon after the start of subduction. Elevated magmatic f O 2 also leads to the release of oxidized volcanic gases to the atmosphere (e.g., H 2 O, CO 2 , SO 2 ; Heald et al., 1963) , linking plate-tectonic cycling to the evolution of Earth's atmospheric composition through time. 
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